INTRODUCTION
Besides the chicken being the most important source of animal protein for the human population worldwide, it is also the most widely studied avian species. In agriculture, research has focused on production characteristics such as growth, meat quality and egg production. Breeding programmes have selected on these traits, leading to modern broiler (meat-type) and layer (egg-type) strains. More recently, other traits such as disease susceptibility and traits associated with behaviour have received more attention due to an increased concern for animal health and the environment. 1 The use of genome tools has enabled genetic studies on these quantitative traits and the discovery of over 200 quantitative trait loci (QTL) (author's unpublished data). [2] [3] [4] [5] The chicken, therefore, provides an excellent model for investigating the genetic architecture of QTL. No other animal species have been phenotyped and selected so intensively as agricultural animals, and thus there is much to be learned in basic and medical biology from this research. 6 
MAPS OF THE CHICKEN GENOME
The chicken genome has a haploid content of 1.2 3 10 9 base pairs of DNA and this is divided among 39 chromosomes including not only macrochromosomes, which are cytologically distinct, but also microchromosomes, which are found in all birds and some reptiles. 7 Chromosomes 1-8 are usually classed as macrochromosomes. 8 The sex chromosomes are Z and W; in birds, unlike mammals, it is the males that are homogametic (ZZ), while the females are heterogametic (ZW). Maps of the chicken genome come in many types, based either on genetic linkage or physical mapping techniques including (fluorescence in situ hybridisation (FISH), radiation hybrid (RH) mapping, contig building and the ultimate map: the genome sequence.
Genetic linkage maps
Progress in creating a chicken consensus genetic linkage map accelerated when laboratories decided to pool efforts and concentrate on a few reference-mapping families in the mid-1990s. Early maps 9, 10 were based on various genetic markersrestriction fragment length polymorphisms (RFLPs), randomly amplified polymorphic DNAs (RAPDs), CR1-repeats and classical markers for phenotypic traits, such as sex-linked dwarfism. Since then, most markers have been based on microsatellite sequences and amplified fragment length polymorphisms (AFLPs). [11] [12] [13] [14] [15] Since many markers were in common between the various genetic maps, it was possible to calculate a consensus map comprising 2,012 loci and spanning about 4,000 centimorgans. [16] [17] [18] The current consensus consists of 51 linkage groups, still more than the 39 pairs of chromosomes in the chicken karyotype; many probably represent the same microchromosome. So far, 32 of the linkage groups have been assigned to a specific chromosome 19 and all chromosomes now have a landmark probe.
Cytogenetic maps
The most reliable technique for in situ hybridisation revealing physical location on a chromosome has been FISH. Earlier experiments using radioactive in situ hybridisation tended to be incorrect due to the technical challenges of the method. When combined with the availability of large genomic probes (mostly cosmids and BAC clones), FISH is a fast and simple method of mapping genes. The definition of a standard karyotype for the chicken 8 has helped in the exchange and comparison of data between different laboratories, in particular for the macrochromosomes and the sex chromosomes. Recent developments in the isolation of bacterial artificial chromosome (BAC) clones 20 and the isolation of individual microchromosomes 19, 21 have increased the possibility of a universal set of DNA, or 'landmark probes', specific to each chromosome, including all 30 microchromosomes. To date, 218 genes have been assigned by FISH to a specific chromosome and 37 genes have been mapped to non-specific microchromosomes. 22 Through these experiments, 32 genetic linkage maps have been assigned to specific chromosomes.
RH maps
A major limitation of genetic markers is the need for them to be polymorphic in order to track their inheritance in specific pedigrees. About 10 years ago, the use of RH mapping panels in human and mouse increased the rate of gene mapping in these species significantly. 23 In this method, since only the presence/absence of a gene marker is required, there is no need to identify polymorphic markers and only a simple polymerase chain reaction (PCR) test is required. In contrast to the success with other species, the construction of a RH panel in the chicken has met with limited success, 24 until recently. 25 Early results for chicken chromosome 7 mapped 77 loci, which are co-linear with the corresponding genetic map (A. Vignal, unpublished data). Currently, a chicken consortium led by Alain Vignal is mapping over 1,000 PCRbased anonymous and gene markers on this panel, which should prove to be an important tool to complement the BACbased physical mapping (see below).
Contig maps
A contig or genomic clone map is constructed using a method that starts by fragmenting and cloning the genome in large segments of 100-1,000 kilobases (kb). Various methods are used to identify overlapping clones and the data are assembled into a set of overlapping clones or contigs. Ideally, this process should end with a single contig for each chromosome. The final number depends on the number of genomic clones analysed (usually 100,000 clones) and the success rate for cloning difficult regions such as centromeres and telomeres.
Two types of large-insert genomic libraries have been constructed in the chicken. The first was a yeast artificial chromosome (YAC) library that provided 8-fold coverage of the chicken genome. 26 YAC clones are difficult to maintain and analyse, so most contig-building projects use the simpler and more stable BAC system. Crooijmans 
GENE EXPRESSION ANALYSIS: ESTS, FULL-LENGTH cDNAS AND CHIPS
There is a large collection of chicken expressed sequence tags (ESTs) available (451,573 dbEST release 121203), and this is an indispensable tool for annotating the physical map of the genome. EST programmes include those carried out at the University of Delaware 36 and the GSF_Berlin. 37 The largest EST resource was created in the UK by Boardman and colleagues. 38 This project collected 340,000 ESTs generated from libraries prepared from 21 different adult and embryonic tissues. Analysis of the data from this project gives an estimate of $35,000 chicken genes. Although the chicken genome is only about 40 per cent of the size of the human genome, it is currently estimated to contain about the same number of genes. 39 Furthermore, the microchromosomes (a third of the chicken genome) contain twice as many Large-insert genomic libraries BAC physical maps genes as the macrochromosomes. 39 Thus, the chicken genome is compact. A joint project between the University of Manchester, the University of Dundee and the Sanger Institute is sequencing 10,000 full-length complementary DNAs (cDNAs) from these EST collections (see ref. 40 for more details).
A 13,000 chicken gene cDNA microarray is now available from facilities in the UK (ARK-Genomics) 41 and the USA (Fred Hutchinson Cancer Research Center (FHCRC)). 42 This is the result of collaboration between the Roslin Institute, FHCRC and the University of Delaware. In addition, there are many custom arrays; for example, Larry Cogburn at the University of Delaware has produced two chicken microarraysa 10 K metabolic/somatic and an 8 K neuroendocrine/reproductive system array. These are being used for transcriptional profiling in tissues of divergently selected broiler chickens (see ref. 43 for more information).
SINGLE NUCLEOTIDE POLYMORPHISM MAPS AND GENETIC VARIATION
The University of Delaware 44 provides data on single nucleotide polymorphisms (SNPs) in chicken genes based on a diverse collection of 18 chicken EST libraries. Over 40,000 EST sequences were generated from these libraries. Approximately 3,000 contigs were assembled from more than 23,000 chicken ESTs from various individuals, populations and tissues. A total of 12,019 putative SNPs are currently available in this EST dataset, discovered by alignment of homologous ESTs. The average SNP within transcriptional regions of this dataset occurs approximately every 2 kb. The University of Delaware chicken SNPs homepage 45 contains a searchable database of the chicken coding SNPs (cSNPs). 46 In the UK, Hubbard and colleagues at UMIST predicted a set of 11,000 high-confidence SNPs using various filtering criteria and the PolyBayes program. 47 These are searchable via a SNP web form on the chickEST website. 40 Recently, collaboration between the Beijing Genome Institute, The Wellcome Trust, EBI-Hinxton, Uppsala University and the Roslin Institute is using a whole genome shotgun approach to catalogue the genetic variation between multiple chicken lines, including broiler, layer and the Red Jungle Fowl. The combined results from these EST and genomic projects will be submitted to SNP database (dbSNP) 48 and cross-referenced with the proposed Ensembl genome browser for the chicken.
GENOME SEQUENCING AND THE CHICKEN GENOME PROJECT
Due to its interest as an important anchor species for evolutionary studies, there has been a rapid increase in genome sequencing of selected regions of the chicken genome. Such efforts culminated in the release of the chicken genome sequence on March 3rd, 2004 . 49 There were a number of pilot genome sequencing projects prior to the intense effort to sequence the chicken genome. Examples of these pilot studies include: T-cell receptor â-chain constant region (AF110982), T-cell receptor AE-chain constant region (U83833), 50 AE-globin gene cluster (AF098919, AY016020), 51 â-globin gene cluster (L17432), MHC complex (AL954802, AL023516), 52 SCL locus (AJ131018), 53 class II cytokine receptor gene cluster (AF082667) 54 and specific regions in the chicken orthologous to human chromosomes 7, 11 and 14. 55 The general conclusions have been that the chicken regions tend to be two to three times smaller, and that gene order is conserved over regions of at least 1 centimorgan or 300 kb. The largest sequence is for a region orthologous to human chromosome 7q31.2. This sequence is 414 kb and covers five overlapping BAC clones. The order of the genes is identical (TES, CAV1, MET, CAPZA2 and ST7) to that found in the human genome, which covers a 1 megabase (Mb) region. Another example is the 305 kb IGF2 region on chicken chromosome 5, also identical in gene order to its human counterpart (IGF2, INS, TH, ASCL2 and CD81). These studies also show that the repeat content of the chicken is far less (10-15 per cent) than mammals (50 per cent), making WGS a practical option.
The full 6.6-fold assembly of the chicken genome was released March 2004 and is available from all the major genome browsers (Ensembl, UCSC, NCBI). Following a brief period to review the quality of the draft assembly, the data will be released to a number of bioinformatics groups for further analysis (gene content, annotation etc). 
FUTURE PROSPECTS
2004 will be a spectacular year for the chicken: a genome sequence, an SNP map, a genome database, etc. These scientific landmarks will lay the foundations for further integration, not only within the avian world, and will reestablish the chicken as a powerful model for the study of vertebrate biology. During the past decade, the progress in chicken genomics has benefited from the sharing of data. ChickNET 57 (Figure 1 ) is one organisation that tries to encourage this ethic. 49 Using common resources, such as genetic mapping populations, genetic markers, physical probes, BAC libraries, cDNA and EST resources, RH mapping panels, microarrays and the genome sequence, it will be possible to obtain different views of the chicken genome. A wealth of genome data for the chicken has already been produced using these resources and tools and this will continue in the future. A number of genome mapping databases 58, 59 (see Table  1 ) have been produced to store and manage such data. The creation of a chicken Ensembl genome database will be a crucial step towards data integration and will include links to structural information -such as genetic maps, cytogenetic maps and banded karyotypes, RH maps, BAC and other clone-based maps and the gene models based on EST sequences -and other predictive tools. In addition, there will be the need to integrate more functional information, such as expression data (ESTs, in situ hybridisation, etc.), mapping of genetic mutations, complex traits (QTL mapping) and phenotype using other tools (eg RNA interference). Finally, such a genome view of the chicken needs to be compared and integrated with the views of other genomes, such as human, fish etc. -these are exciting times indeed.
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